Using a response spectrum approach, a database of 852 weight-normalised vertical ground 38 reaction force (GRF) time histories recorded for more than 60 individuals walking on an 39 instrumented treadmill was used to calculate response metrics. Chosen metrics were peak values 40 of 1 second peak root-mean-square (RMS) acceleration and peak envelope one-third octave 41 velocities. These were evaluated by weight-normalising the GRFs and applying to unit-mass 42 single degree of freedom oscillators having natural frequencies in the range 1-20 Hz and damping 43 ratios in the range 0.5-5%. Moreover, to account for effect of mode shape and duration of 44 crossing (i.e. duration of dynamic loading), the recorded GRFs were applied for three most 45 typical mode shapes and floor spans from 5 m to 40 m. 46
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The resulting peak values as functions of frequency i.e. spectra are condensed to statistical 47 representations for chosen probability of being exceeded over a wide range of applications. RMS 48
• Characteristics and statistical distributions of spectra presented 66
• Comparison made against extensive database of full-scale performance data 67
INTRODUCTION 68
With primary concern for floor design for ultimate limit state i.e. strength and safety, vibration 69 serviceability often gets overlooked. While the problem of vibration serviceability is well known 70 in footbridges due to high profile public 'failures' such as the London Millennium Bridge and 71
Passarelle Solferino in Paris [1] , [2] , for floors the failures (in design) rarely surface in the public 72 domain and are usually hidden due to legal and public relations concerns. Experiences of dealing 73 with these problems are documented by industry specialists [3] and research findings are 74 incorporated into design guidance available from many trade organisations such as American 75
Institute of Steel construction (AISC) and in the UK the Steel Construction Institute (SCI), 76
Concrete Society (CS) and Concrete Centre (CC). 77
However, first author's own experience through numerous consulting projects is that despite such 78 guidance, problems with excessive floor vibrations due to human footfall loading still occur, thus 79 indicating the lack of reliable tools and procedures for vibration serviceability design. That is, 80 even when such guidance is followed the outcome can be satisfactory and may even lead to 81 litigation. The problems are sometimes due to unexpected or unpredictable factors, such as 82 change of floor use or unreliable prediction of modal properties at the design stage. However, it 83 appears that two recurring factors are inappropriate assessment criteria and unrepresentative 84 (footfall) loading models. 85
Vibration serviceability of floors is commonly addressed at the design stage in two ways: (1) 86 setting a lower bound value for the floor's fundamental frequency [4] with the intention to avoid 87 the possibility of resonant response to footfall, or (2) setting an upper bound value for the floor 88 vibration response according to an appropriate design measure [5] . The latter is more common in 89 6 design practice and is characterized by performance-based design approach in which walking 90 loading is defined and applied to a numerical representation of the floor. Evaluation of the 91 resulting response depends on the floor usage and the vibration receivers. In cases when the 92 receivers are humans, evaluations of the vibration response is most often compared to the 93 maximum permitted value of root mean square (RMS) acceleration, with filtering or frequency 94 weighting to limit the calculation to frequency ranges to which humans are most sensitive to 95 vibrations [6] . For vibration-sensitive machinery, aside from occasional machine-specific 96 requirements based on some measure of velocity or displacement, an accepted metric is the 97 maximum value of RMS velocity in any single one-third octave band [7] . 98
The UK guidelines for floor vibration serviceability design [8] [9] [10] determine response in a floor 99 vibration mode either based on resonant forcing by a harmonic component of quasi-periodic 100 loading, or on transient response to an impulse whose magnitude depends on both pacing rate and 101 floor frequency. Consistent with the 'frequency control' approach, the resonant or transient 102 approach is adopted according to whether or not the first mode natural frequency of the floor 103 exceeds a threshold accepted as 10 Hz [10] and results in floor classification as 'low frequency' 104 or 'high frequency' regardless of usage. Low frequency floors are supposed to develop resonance 105 due to the periodicity inherent in walking. On the other hand, high frequency floors are supposed 106 not to sustain resonance since their natural frequencies are high enough for response to a footfall 107 to decay heavily between successive steps. 108
In both cases modal responses are superposed, by square-root-sum-of-squares for harmonic 109 forcing, and directly for transient response. At the design stage modal parameters can be derived 110 by finite element modeling or by empirical formulae offered in the guideline, while modal testing 111 is preferable for the existing floors. On the other side of Atlantic, the American Institute of Steel 112
Construction guidance [11] is more rational and adopts different evaluation approaches 113 depending whether design is for human comfort or sensitive equipment. 114
Hence, despite a decade of progress in addressing vibration serviceability design of floors there 115 are still deficiencies in and differences among design approaches to the exact same problem. 116
While simple and logical, the UK approaches do not work in the many cases observed in 117 (consulting) practice where 'high frequency' floors show clear evidence of resonant response or 118
where 'low frequency' floors have localized high frequency modes with low modal mass that are 119 readily excited by footfall transients. On the other hand, the US approach suffers from opaque 120 methodology and often apparently impossible physics [12] . 121
The approach proposed in this study advocates using response spectra to avoid the need for 122 distinction by floor frequency or by application. Although response spectra have commonly been 123 used as an efficient way to estimate peak dynamic response due to other key dynamic loads of 124 structures, such as earthquakes and winds, they do not feature in the current design guidelines 125 pertinent to human-induced vibrations. However, some researchers have considered their 126 application in vibration serviceability design of footbridges [13] and long span floors [14] . While 127 the footbridge study used Fourier-based numerical walking load models which are now regarded 128 as a too conservative and unreliable representation of real walking [15] , the long span floor study 129 
WALKING LOADS FOR DEVELOPING RESPONSE SPECTRA 149
An essential element for developing the response spectra presented is a comprehensive database 150 of force-time histories generated by many individuals walking at a wide range of pacing rates. In 151 this study, such a database was established using a state-of-the-art force measuring treadmill, 152 which design is described in Section 2.1. The choice of the equipment and the test protocol 153 (Section 2.2) were motivated by recent studies [17, 18] 
Test sequence 176
Prior to the force measurements, the Research Ethics Committee of the University of Sheffield 177 required each prospective test subject to complete a Physical Activity Readiness Questionnaire 178 and pass a preliminary fitness test (by satisfying predefined criteria for blood pressure and resting 179 heart rate) to check whether they were suited for the moderate physical activity required during 180 the experiment. Measurements of the body mass, age and height were taken for test subject who 181 passed the preliminary test. 182
All participants wore comfortable footwear. Those who had no experience with treadmill walking 183 were given a brief training prior to the force collection supervised by a qualified instructor. Each 184 participant had at least ten minutes of warming up on the treadmill, which included walking 185 while the speed was varied randomly and controlled by the speed of rotation of the treadmill 186 
where G k is pedestrian weight, p k (t) is ground reaction force time history normalized to unit 213 pedestrian weight, f k is pacing rate and L k is the average step length with f k L k being the average 214 walking speed, i.e. equal to the given treadmill speed controlled by the belt rotation. For (floor) 215 vibration mode j with circular frequency ω j and damping ratio ζ j , modal mass M j is normalized using 216 a mode shape φ j (x), 0<x<S, having unit maximum (absolute) value. 217
The database of 852 treadmill GRF recordings were used to compute response time histories for 
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• Maximum RMS of unweighted velocity (also for moving 1 second windows) and evaluated in 245 one-third octave bands with centre frequencies at least 8 Hz. This is the common metric for 246 vibration sensitive equipment such as micro-electronics manufacturing facilities [7] .
247
Peak factors were also available from the ratio of maximum to MTVV acceleration.
248
The process of deriving a response spectrum for a single time history and selected floor span, 249 damping ratio and natural frequency corresponding to the pacing rate is summaried in Figure 3 in 250 a sequence that runs from left to right across the first then second rows. 251
The crossing time T for the given span S is evaluated from the pacing rate f k and stride length L k 252 then a T-second segment is chopped from the de-trended and weight-normalised time history. 253 This is then modulated by the relevant mode shape (tapering the GRF segment ends to zero) and 254 the T-second response for a unit mass SDOF oscillator with specified frequency (in this case the 255 exact pacing frequency) and damping ratio and zero initial conditions is calculated. 
Surface plots 321
Because it is conservative and minimised outliers, 99th percentile is chosen as the best representative 
372
As with the MTVVs, peak factors are not exact and have their own distributions, as shown in Figure  373 11. Distributions are tight around 2 Hz but have greater range for higher frequencies appearing to 374 follow a log normal distribution. If peak responses are actually needed then RMS spectra (e.g. 
391
The first harmonic peak and subsequent trough vary in both scale (MTVV) and location 392 (frequency); Figure 13 illustrates these parameters vs. damping and span for the first harmonic 393 peak. The dependence of MTVV level on damping and span (duration of forcing) is consistent 394 with known behaviour of oscillators driven at resonance. For the trough the values follow the 395 same trend are visible in the minima, and the minimum frequency ranges from 3.1 Hz to 3.5 Hz. 396 397 Figure 13 : First harmonic peak value, and first trough minimum value.
398

VALIDATION OF GRFRSP PROCEDURE 399
Because the spectra are presented in a statistical form, validation cannot be achieved through a 400 single example, rather confidence in its reliability might be established by comparing recorded 401
MTVVs for sample structures and single pedestrians with those for a given percentile (e.g. 99%) 402 for the closest matching combination of span, mode type and damping ratio. This means that 403 reliable estimates of mode frequency, damping and mass must be available, and the mass or 404 weight of the pedestrian known. Interpolation in the results database (or fitted empirical formulae) 405 could be used, but one major problem is that few in-operation floors can be represented as perfect 406 simple-supported spans. In reality the span needs to be judged as the effective length of the 407 dominant mode, which as the examples given will show is rarely the same as either the full length 408 of the structure or the bay size. 409
Because such a comparison is difficult to quantify, an alternative process is to take the 410 cumulative density function (for the mode frequency, damping ratio mass, along with effective 411 mode length as span) such as Figure 9b 
448
The modal parameters indicated in Table 1 (which include rarely The density function for a day of monitoring (using 1 second MTVVs) is compared with the 484 closest equivalent for simulated MTVVs in Figure 19 . While a comparison is not being made for 485 the same situation, there should be some relationship and it is not a surprise that the monitored 486 MTVV distribution is shifted down by a factor of approximately two with respect to the 487
simulations. This provides a degree of validation, although there can be no direct proof that the 488 approach is valid. 489 The resulting spectra show a number of significant features. First, there is a broad 'hump' that 498 represents the first harmonic of walking. This is followed by a distinctive dip (notch) and a small 499 but diffuse secondary hump. Practically it appears that response spectra value decrease 500 monotonically from about 5 Hz showing that the arbitrary distinction between high and low 501 frequency floors lacks scientific basis. 502
Distributions of values for each oscillator frequency (and same conditions of span, damping etc.) 503 appear to be lognormal, leading to an issue in defining an appropriate percentile level, which in 504 our case has been set at 99%. 505
The method has been checked against a database of measured modal properties and matching 506 walking response data for representative structures showing that there are some complications, 507 such as defining span through the observed shape rather than the structural information. However 508 the comparison with measured data shows consistency. 509
It was not possible to evaluate the technique for multi-mode response due to the much diminished 510 set of full-scale test data, but in principle the square root sum of square approach could be 511 applied. 512
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